We demonstrate that high-density and large-size GaN microrods on multilayer graphene/SiO 2 without buffer layer grown by hydride vapor phase epitaxy (HVPE). The GaN microrods were hexagonal with diameter up to 50 µm and the height above 30 µm. The multilayer graphene with defects, which was the key factor assisting nucleation of high-density GaN microrods, was synthesized directly on thermally oxidized SiO 2 /Si substrate by solid carbon source deposition method at relatively low temperature about 500 o C. The growth mechanism of GaN microrods on graphene/SiO 2 substrate was analyzed by transmission electron microscopy (TEM), demonstrating that GaN initial polycrystalline nucleation was followed by oriented epitaxial lateral overgrowth.
INTRODUCTION
Due to the low cost and electronics integration application, SiO 2 /Si substrates are a potential choice for fabrication of light emitting diodes (LED) and laser devices based 1 on nitride materials, such as Gallium nitride (GaN). 1 2 However, nucleation of GaN on SiO 2 surface, which is amorphous materials, is still an aporia. Guha et al. 3 reported the selective area growth of gallium nitride on patterned SiO 2 /Si substrate by metallorganic molecular beam epitaxy using triethyl gallium as a Ga source, small and isolated GaN nanorods were deposited on SiO 2 /Si substrate with lateral dimensions of 30-100 nm.
Graphene is a kind of novel two-dimensional layered material with structure of hexagonally-arranged carbon atoms bonded by strong σ bonds within the plane. Defects in graphene improving the surface chemical reactivity play a critical role in the nucleation and growth of GaN on graphene. 4 the self-organization of high-density GaN nanorods on multilayer graphene/SiO 2 covered with AlN buffer layer by RF-plasma-assisted molecular beam epitaxy. In our works, high-density, large-size hexagonal GaN microrods were fabricated on graphene/SiO 2 substrate without buffer layers by hydride vapor phase epitaxy (HVPE). Graphene was directly deposited on thermally oxidized SiO 2 /Si substrate by low temperature growth method using the solid carbon source without transfer process which may contaminate graphene and introduce unintentional doping in GaN. The growth mechanism of GaN on graphene/SiO 2 substrate was analyzed by transmission electron microscopy (TEM) which gives guiding to the future of epitaxy of GaN thick films on SiO 2 and other amorphous substrates.
EXPERIMENTAL
Deposition of graphene on SiO 2 substrate is described as follows. Firstly, 100 nm thick polycrystalline Ni film was deposited via ion-beam sputtering on SiO 2 /Si substrate at room temperatures. Application of Ni is motivated by the fact that it has a high solubility of carbon (0.2 wt%, 1000 o C). 6 High-purity graphite powder was used as C source and dispersed in ethanol, then spun on Ni film. The sample were then sealed in a quartz tube filled with inert argon gas and heated for a short time about 5 min in 500 o C. Carbon would infiltrate into Ni film in 500 o C and precipitate to form graphene at the surface of SiO 2 in cool down stage. After growth of graphene, the graphite powder was removed in ethanol by ultrasound and Ni film was etched away using an aqueous solution of FeCl 3 , finally graphene films were left on SiO 2 /Si substrate.
Growth of GaN microrods on graphene/SiO 2 was performed below the atmospheric pressure by HVPE system. Substrate was baked under H 2 atmosphere for 15 min in 1100 o C for thermal cleaning, and then GaN microrods were grown for 1h. GaCl 3 was formed in the upstream region of the reactor through the reaction between metallic Ga and HCl, and then the carrier gas H 2 and N 2 transported GaCl 3 into the downstream region where GaN was grown on graphene/SiO 2 by the reaction between GaCl 3 and NH 3 .
Raman spectroscopy (JY LabRam HR 800, 532.08 nm) was employed to characterize graphene before GaN growth. The morphology of GaN microrods were characterized by scanning electron microscope (SEM) (FEI Quanta 400 FEG, 10 kV). The cathodoluminescence (CL) was used to investigate the crystal quality of GaN microrod and transmission electron microscopy (TEM) was adopted to analyze growth mechanism of GaN microrod on graphene/SiO 2 /Si.
RESULTS AND DISCUSSION
Graphene layers on SiO 2 /Si were characterized by Raman spectroscopy after the nickel films were etched as shown in figure 1. The characteristic G peak and 2D peak of graphene near 1580 cm -1 and 2750 cm -1 are clearly observed. What's more, the ratio of 2D/G is less than 1, which indicates the graphene is multilayer. 7 High intensity of D peak, even exceeding G peak, illustrates the graphene we got is with high desity of defects. The inside optical microscope images of graphene surface marked with numbers 1 and 2 exhibit the position where Raman spectra were captured. Different colors indicate different layers of graphene which is result from the nouniformity of the spin coated graphite powder. The ratio of 2D/G about spectra 1 and 2 are 0.2 and 0.3 respectively demonstrating that graphene in site 1 is thicker than in site 2. Scanning electron microscope (SEM) was employed to characterize the morphology of GaN and graphene. Before growth of GaN，SEM was firstly utilized to characterize surface of graphene on SiO 2 /Si substrate. It is clearly shown that the graphene is uneven and the high density of disorganized steps were found in further amplification as shown in figure 2a , where a lot of dangling bongs exist improving nucleation of GaN effectively. 4 8 Then the samples were characterized by SEM after the growth of GaN.
Hexagonally shaped and vertically aligned GaN microrods with diameters of 20-50 um are clearly shown in figure 2b on SiO 2 /Si substrate with graphene insert-layer. The heights of GaN microrods are more than 30 µm as shown in figure 2c . Figure 2d is SEM image of GaN directly grown on SiO 2 /Si substrate without graphene insert-layer, only sporadic isolated GaN polycrystalline islands are found. Comparing figure 2b and figure  2d , it is confirmed that the nucleation density of GaN on SiO 2 /Si substrate without graphene insert-layer is lower displayed by further amplification in figure 2d . Crystalline quality of GaN microrods were further evaluated by cathodoluminescence (CL) in panchromatic mode and the electron beam energy was 10 kV. SEM and CL images of selevtive GaN microrod are shown in figure 3a and figure  3b respectively. Surface of the GaN microrods is very smooth, as shown in figure 3a . Almost no dislocation cores were found from CL image as shown in figure 3b , which indicated the crystal quality of GaN microrods is high.
Cross-section TEM analysis was performed to investigate the nucleation behavior of GaN microrods. Polycrystalline GaN nucleation layer between graphene and monocrystalline GaN microrods were revealed by two-beam bright field (BF) TEM images which were taken with g = [-1010] (Figure 3c 3d) respectively. Thickness of the GaN nucleation layers are about 0.5µm. Moreover, air gaps were observed between polycrystalline GaN nucleation layer and monocrystalline GaN microrods. We concluded that the GaN firstly nucleated as polycrystal and then preferred oriented epitaxial lateral overgrowth. It is obvious that the crystal quality has been improved and the polycrystalline nucleation layers turned into six-fold symmetrical microrods after oriented epitaxial lateral overgrowth stage.
CONCLUSION
High-density and large-size GaN microrods were fabricated on multilayer graphene/SiO 2 without buffer layers by hydride vapor phase epitaxy, diameter and height of GaN microrods were up to 50µm and 30µm respectively. Almost no dislocation cores were found in the GaN microrods as shown by cathodoluminescence which indicated the crystal quality of GaN microrods was high. The nucleation and growth mechanism of GaN on graphene/SiO 2 substrate was exhibited by TEM, that GaN firstly nucleated as polycrystalline layers and then preferred oriented epitaxial lateral overgrowth. With the nucleation stage turned into lateral overgrowth, the crystal quality would be improved and the polycrystalline nucleation layers converted into six-fold symmetrical microrods. This work owns guiding significance for the further growth of GaN thick films on SiO 2 and other amorphous substrates.
